Abstract-Our objective was to validate a previously developed speckle tracking (ST) algorithm to 1 assess strain in common carotid artery (CCA) plaques. Radial and longitudinal strain was measured 2 in CCA gel-phantoms with a plaque mimicking inclusion using an in-house ST algorithm and 3 sonomicrometry. Moreover, plaque strain by ST from 7 patients (77 ± 6 years) with carotid 4 atherosclerosis was compared with a quantitative visual assessment by two experienced physicians. 5
Abstract-Our objective was to validate a previously developed speckle tracking (ST) algorithm to 1 assess strain in common carotid artery (CCA) plaques. Radial and longitudinal strain was measured 2 in CCA gel-phantoms with a plaque mimicking inclusion using an in-house ST algorithm and 3 sonomicrometry. Moreover, plaque strain by ST from 7 patients (77 ± 6 years) with carotid 4 atherosclerosis was compared with a quantitative visual assessment by two experienced physicians. 5
In vitro, good correlation existed between ST and sonomicrometry peak strain both radially (r = 6 0.96, p < 0.001) and longitudinally (r = 0.75, p < 0.01). In vivo, a greater pulse-pressure adjusted 7 radial and longitudinal strain was found in echolucent plaques compared to echogenic plaques. This 8 study shows the feasibility of ultrasound ST strain estimation in plaques and indicates the 9 possibility to characterize plaques using ST strain in vivo. 10 
INTRODUCTION 1
Plaque characterization is critical when determining treatment for patients with carotid 2 atherosclerotic plaque (Mono et al. 2012; Reid 1998) . One type of plaques, known as vulnerable 3 plaques, have a high probability of rupture causing emboli to break off from the plaque and travel 4 via the circulatory system to vessels in the brain. As the arteries become smaller the emboli can 5 lodge in the vessel wall restricting the blood flow to parts of the brain yielding a temporary transient 6 ischemic attack or permanent embolic stroke (Reckless and Buchan 2008). Plaque characterization 7 in the carotid artery is therefore significant in risk assessment for cerebral ischemic events. 8
In current clinical practice, ultrasound-based methods for plaque characterization are limited to 9 visual assessment of plaque morphology, hypoechoic area, and echo reflection in the plaque (Gray- through the phantom at peak flow rates 10, 20, 30, and 35 mL/s. The pump was purged before the 1 experiments to remove air bubbles from the solution. 2
C. Data Aquisition 3
Sonomicrometry data and ultrasound cineloops of the plaque and the vessel wall were collected 4 at every flow rate, as seen in Fig. 3 , for each of the four phantoms. Sonomicrometry data were 5 collected for 30 s as a reference strain using a digital sonomicrometry (Sonometrics, Ontario, 6
Canada) acquisition system sampling at 200 Hz. Sonomicrometry crystals 1 mm in diameter were 7 super-glued (Loctite, Düsseldorf, Germany) to the plaque lumen and posterior phantom wall (Fig.  8   1b) . The lumen crystal was placed on the cross-sectional apex of the bulging plaque such that it did 9 not touch surrounding vessel walls while simultaneously positioned in-plane with the external 10 crystals. Ultrasound image acquisition was turned off during sonomicrometry data collection to 11 avoid interference between the systems. 12
Ultrasound long-axis B-mode images were collected on a Vivid E9 ultrasound machine (GE, 13
Horten, Norway) with a fixed 9LD linear array transducer. Long-axis cineloops were recorded 14 throughout 3 cycles for each flow rate at a frame rate of 42 Hz, center frequency 10 MHz, 3.5 cm 15 depth, one focal point on each phantom wall, with image compounding turned off. The imaging 16 plane was positioned close to the plane of the sonomicrometry crystals making them visible. Fig. 2b  17 shows a sample B-mode long-axis image of the phantom with plaque inclusion embedded in the 18 agar mixture. A schematic of the experimental setup is shown in Fig. 2c . 19
D. Data Analysis 20
The collected sonomicrometry and B-mode data were analyzed in Matlab 2011a (MathWorks,  21 Natick, MA, USA) and synchronized by recording a simulated electrocardiogram (ECG) signal 22 from the CompuFlow 1000MR pump. An in-house developed speckle tracking algorithm calculated 23 the peak plaque strain which was compared to the strain found from the movement recorded by the 1 sonomicrometry crystals. 2
1) Speckle Tracking Analysis 3
The in-house speckle tracking algorithm (Larsson et al. 2011a ) based on normalized cross-4 correlation was used to perform the speckle tracking analysis. Axial (along the ultrasound beam) 5 and lateral (orthogonal to the ultrasound beam) motion estimation was performed on 3 consecutive 6 pump cycles on both the radiofrequency signal as well as the envelope-detected signal with a kernel 7 length and width of 3 and 5 wavelengths (λ) respectively. The kernel size was selected based on 8 pervious successful experiments measuring strain in the carotid wall both in-vitro (Larsson et al. 9 2011b) and in-vivo (Larsson et al. 2013 ). The kernel was moved in a search area which was defined 10 to allow maximum velocities of 2 cm/s with a 60% axial and lateral overlap using spline 11 interpolation to detect sub-sample motion. Accumulation of the displacement maps throughout the 12 cardiac cycle was then performed using linear interpolation to account for subpixel motion to assess 13 the cumulative strain. The radial (along the vessel radius) and longitudinal (along the vessel axis) 14 speckle tracking strain curves were then obtained by linear regression in a region of interest (ROI) 15 and subsequently low pass filtered with an averaging window 3 samples in length to remove noise. 16 All parameters described were chosen based on a previous study in a carotid artery phantom wall 17 (Larsson et al. 2011b ) then modified to optimize the algorithm for measuring strain in plaques. Two of the phantoms were used for comparison between vessel wall and plaque strain. The 4 vessel wall ROI was placed on the same posterior side of the phantom as the plaque to achieve 5 similar boundary conditions from the PVC-box and agar-mixture. The ROI was manually placed 6 approximately 2 cm from the plaque in the center of the vessel wall with a ROI width and height of 7 1.5 x 1.5 mm and 5 x 1.5 mm in the radial and longitudinal directions respectively. 8
2) Sonomicrometry Analysis 9
Outliers from the inter-crystal displacement curves were removed by thresholding, followed by 10 filtering the resulting signals with a median filter 10 samples in length. Five cycles were averaged 11 to obtain the final reference displacement curves. Since the crystals were positioned in a triangle, 12 the law of cosines was used to calculate the radial displacement, whereas the longitudinal 13 displacement was the distance between crystal 2 and 3 (Fig. 1b) . Thus, the strain (ε(t)) was 14 calculated as 15
where 0 is the initial distance between the crystals and ( ) is the distance between the crystals 17 at time t. 18
E. Speckle Tracking Sonomicrometry Comparison 19
The root mean square error (RMSE) was calculated on the first cycle of B-mode data for each 20 flow condition per phantom as 21
where ε(n) is the reference sonomicrometry strain, ε(n) is the estimated speckle tracking strain, 1 and N is the number frames in one pump cycle. The absolute peak error was calculated as the 2 absolute difference between the reference and estimated peak systolic strain (|ε peak − ε peak |) and 3 averaged for all flow conditions and phantoms. Bland-Altman plots for sonomicrometry and 4 speckle tracking peak strain were created and correlation analysis was performed. A paired t-test 5 was performed to compare the plaque and wall peak strain. 6
Long-axis and short-axis ultrasound cineloops were collected from 7 patients (mean age 77 ± 6 9 years, 4 male, 3 female) on a GE Vivid E9 ultrasound machine (Horten, Norway) with a handheld 10 9LD linear array transducer by an experienced ultrasound technician. The images were acquired 11 with a center frequency of 10 MHz, 3.5 cm depth, two focal points on the arterial walls, with image 12 compounding turned off at a frame rate of 42 Hz, similar to the in vitro setup. The procedure 13 consisted of collecting 3 long-axis and short-axis cineloops over 3 consecutive cardiac cycles for 14 the common carotid artery, the bulb, and the internal carotid artery. Patient medical data was 15 collected including sex, age, and blood pressure. The data were collected at Karolinska University 16 Hospital in Huddinge, Sweden with consent given by the patients and approval by the ethical 17 review board. 18
G. Data Analysis 19

1) Plaque Classification 20
Prior to speckle tracking analysis, the cineloops from the patients were visually analyzed and 21 scored by two experienced physiologists. If a plaque was present and of sufficient size (diameter > 22 placement during speckle tracking analysis. The cineloops were scored using four different 1 measures. First, the plaque was classified homogeneous or heterogeneous. Homogeneous plaques 2 have a uniform texture and contain uniform echoes with medium to high level intensity compared 3 with the nearby adventitia tissue. Heterogeneous plaques have mixed level echoes and contain one 4 or more echolucent areas (low-level echoes). Plaque echogenicity was compared with echogenicity 5 of blood and adjacent adventitia. Low-level echoes were defined as those approaching echo levels 6 of blood, and medium-to high-level echoes were defined as echo strength similar or greater than 7 adventitia or adjacent soft tissue. Second, the plaque was classified if the surface was smooth or 8 irregular based on visual interpretation of greyscale and color Doppler images (Fitzgerald and 9 O'Farrell 1993; Kanber et al. 2013b ). 10
The third method was to subjectively classify the plaque on a Gray-Weale 4-level scale; type 1: 11 mainly echolucent lesions; type 2: primarily echolucent lesions with some areas of echogenicity; 12 type 3: dominantly echogenic; type 4: uniformly echogenic. Types 1 and 2 correspond to 13 heterogeneous plaques and types 3 and 4 correspond to homogeneous plaques, which consist of 14 mainly fibrous tissue (Bluth 1997) . 15 Fourth, the GSM of the plaque was measured using Automated Measurement System (AMS), 16 which was developed by the Department of Signals and Systems at Chalmers University of 17
Technology, Gothenburg, Sweden and the Physiology group at the Wallenberg laboratory, 18
Gothenburg University, Gothenburg, Sweden. The GSM was measured on a single frame of the 19 cineloop in systole and used as an alternative measurement of echogenicity. The image was 20 normalized by semi-automatically selecting the brightest and darkest pixel in the image followed by 21 calculating the GSM from image analyses of the physician-outlined plaque returning a median pixel 22 value in the range of 0 (black) to 255 (white). 23
2) Speckle Tracking Analysis 24
After plaque scoring, the cineloops were analyzed with the in-house speckle tracking algorithm 1 with similar parameters as in the phantom setup. If the plaque diameter was < 2 mm, the kernel size 2 was reduced to a width and length of 2 λ and 4 λ respectively to allow for a smaller ROI. The ROI 3 varied with plaque size and shape and was made as large as possible without exceeding the outlined 4 plaque borders and manually placed in the center of the plaque as identified by the physiologists. 5
The speckle tracking strain curves were low pass filtered with an uniform averaging window 3 6 samples in length to remove noise. Plaque strain was estimated in all three carotid artery locations 7
given that plaque was present, of adequate size (diameter > 1.5 mm), and that the image was of 8 sufficient quality. The peak negative radial and peak positive longitudinal strain in the plaque from 9 two cardiac cycles was calculated and averaged for each plaque. Thereafter, the radial and 10 longitudinal peak strain was adjusted for the patients' pulse-pressure (the difference in systolic and 11 diastolic blood pressure). Pulse-pressure adjusted peak negative radial and positive longitudinal 12 strain, GSM, and GSM variance (the variance of pixel values within the plaque) were compared 13 between plaques scored on the Gray-Weale scale. 14
RESULTS 15
H. In vitro 16
Sample speckle tracking and sonomicrometry plaque strain curves for radial and longitudinal 17 strain can be seen in Fig. 4a and Fig. 4c respectively. Fig. 4 (b, d) shows the correlation plots of 18 speckle tracking versus sonomicrometry for radial (r = 0.96, p < 0.001) and longitudinal (r = 0.75, 19 p ≤ 0.01) peak strain respectively. The radial and longitudinal Bland-Altman plots can be seen in 20 Fig. 5a and Fig. 5b respectively. Radial and longitudinal Limits of Agreement (LOA) were -4.40% 21 to 3.48% and -2.29% to 2.78% respectively. Table 1 shows the mean and standard deviation (SD) 22
for the absolute peak error and RMSE for the radial and longitudinal strain. Longitudinal strain data 23 was discarded for one of the phantoms due to irregular movement caused by fluid in the plaquecavity. The plaque exhibited 35.1 ± 16.9% greater radial (p < 0.001) and 88.6 ± 72.0% greater 1 longitudinal (p < 0.001) peak strain compared to the arterial wall when measured with speckle 2 tracking. 3
I. In vivo 4
Sixteen plaques were present in the patient population of which 7 data points were removed due 5 to poor image quality or too small plaque size (n=9). Fig. 6 shows the pulse-pressure adjusted mean 6 of peak strains and standard deviations for plaques in the radial (a) and longitudinal (b) directions 7 sorted by Gray-Weale classification. The mean of the peak strain values and standard deviations for 8 radial and longitudinal plaque strain as well as the pulse-pressure adjusted values can be seen in 9 Table 2 sorted by Gray-Weale classification. 10 Table 3 shows the plaques locations and classification results. A sample echogenic and 11 echolucent plaque can be seen in Fig. 7a and Fig. 7d respectively with a physician outlined border 12 (green line) and ROI (red rectangle). Fig. 7 also shows in vivo sample speckle tracking strain curves 13 in the radial (b, e) and longitudinal (c, f) directions for the echogenic and echolucent plaques 14 respectively. 15
The measured mean and standard deviation plaque GSM by Gray-Weale classification was: type 16 1 GSM 40 ± 0; type 2 GSM 84 ± 9; and type 3 GSM 53. Fig. 8 shows GSM variance in the plaque 17 versus Gray-Weale classification. 18
DISCUSSION 19
Noninvasive characterization of carotid artery plaque based on quantitative data would be a 20 valuable tool for physicians to determine treatment options for patients with atherosclerosis. Current 21 standards limit physicians to visual assessment of ultrasound B-mode images and carotid 22 angiograms allowing observer error to influence the results (Arnold et al. 1999 ). The goal of this 23 study was to validate an in-house speckle tracking algorithm based on block matching to quantify 1 the strain of the plaque in a phantom setup with sonomicrometry and to perform a small pilot study 2 in vivo. To the best of our knowledge assessment of plaque strain in ultrasound carotid images has 3 not been validated via an independent method. 4
J. In vitro Study 5
The validation study indicates good agreement between the speckle tracking algorithm and the 6 sonomicrometry. A strong correlation between speckle tracking and reference strain values was 7 found radially (Fig. 4b) , while the agreement in the longitudinal direction (Fig. 4d) was not as 8 strong but still good. This was most likely due to the intrinsic lower resolution in the lateral 9 direction coupled with little longitudinal plaque movement. The radial and longitudinal absolute 10 peak error and RMSE (Table 1) indicates less absolute error in the longitudinal strain. However, it 11 must be taken into consideration that the radial strain is significantly larger in magnitude than the 12 longitudinal strain. The radial and longitudinal Bland-Altman plots (Fig. 5) show that the speckle 13 tracking algorithm overestimates low strain values and underestimates high strain values. Radially, 14 the LOA are acceptable in relation to the range whereas the longitudinal LOA are higher as a result 15 of two outliers (Fig. 5b) . Nevertheless, there is still good correlation (r = 0.75) between 16 sonomicrometry and speckle tracking in the longitudinal direction. 17
Creating a phantom with a soft plaque inclusion was challenging resulting in several design 18 modifications. Eight phantoms were attempted of which only four succeeded. The first two 19 successful phantoms leaked fluid into the plaque cavity when connected to the pump. This resulted 20 in less radial and longitudinal plaque strain combined with longitudinal plaque compression in one 21 of the phantoms. Furthermore, the fluid degraded the image quality of the plaque. The final two 22 phantoms were modified by super-gluing the plaque cavity shut after the final freeze cycle to 23 prevent fluid from the lumen to leak into the cavity. These phantoms were used for the strain 1 comparison between plaque and vessel wall. 2 A second source of error was the placement of the lumen sonomicrometry crystal on the plaque 3 ( Fig. 1b crystal 1) . Limited visibility and accessibility made it difficult to place the crystal on the 4 center of the lumen plaque extrusion. Off-center placement can result in underestimation of radial 5 displacement. The fairness of comparing sonomicrometry and speckle tracking could also be 6 questioned since the crystals and ROIs were not placed at the exact same location in the plaque to 7 avoid the shadowed region under the crystals (Fig. 2b) . 8
During the cardiac cycle, the radial strain in the phantom plaque had a significant gradient as a 9 result of greater plaque movement near the lumen in contrast to the plaque boundary facing the 10 posterior wall. To avoid these extremes, the ROI was placed in the center of the plaque in 11 combination with limiting the ROI height to 50% of the vertical plaque size in order to measure an 12 average value for the plaque strain. The strain gradient was not significant in the in vivo experiment 13 as it is an effect due to the experimental setup from the boundary conditions imposed on the 14 phantom by the agar mixture and glycerin blood mimicking fluid. It should be mentioned that a 15 moving the kernel in a search defined to allow maximum velocities of 2 cm/s can be a potential 16 tracking limitation of the speckle tracking algorithm; however, we did not experience this limitation 17 in-vivo or in-vitro. Additionally, the algorithm does not take into account out-of-plane motion. In 18 other strain studies involving carotid artery mimicking phantoms, the vessel was placed in a water 19 bath while the intraluminal pressure was varied statically (Ribbers et al. 2007 ). Initial pilot tests 20 indicated that the flow profiles from the pump induced a ringing artifact in the phantom at the end 21 of the cardiac cycle when surrounded by water in the fixture. By mimicking the boundary 22 conditions imposed by the surrounding tissue with the agar-mixture the ringing was damped and the 23 axial motion in the phantom was similar to that of the programed flow profile. It should also benoted that in this experimental setup a plaque in the common carotid artery was mimicked, but it is 1 more common for plaque buildup to occur in the artery bifurcation (Oviedo et al. 2010 ). high sensitivity (88%) and specificity (89%) when characterizing plaque with strain using IVUS. 7
Other techniques have used accumulated axial strain and relative lateral shifts as intricacies for 8 plaque strains using IVUS with positive results (Shi et al. 2008a ), yet these techniques are invasive. 9
K. In vivo Study 10
The study shows that it is possible to estimate plaque strain via speckle tracking in vivo using B-11 mode ultrasound. The results show an increase in radial strain for mainly echolucent plaques in 12 contrast to dominantly echogenic plaques (Fig. 6a) . This is in agreement with our hypothesis that 13 the force from the blood of the cardiac systolic pressure wave induces greater deformation in 14 echolucent plaques with a large lipid or intraplaque hemorrhage core in contrast to echogenic 15 plaques composed of relatively homogeneous fibrous tissue. Gray-Weale type 1 and 2 plaques 16 exhibited increased longitudinal strain compared to the type 3 plaque (Fig. 6b) . Both radial and 17 longitudinal strain results were normalized to the patient's pulse pressure since it is the driving 18 force for radial strain and one of the forces, in addition to shear forces from blood flow and 19 tethering forces from the heart, for longitudinal strain. Without normalization, variation in blood 20 pressure between patients could bias the results. 21
Sample strain curves show increased radial (Fig. 7b, e) and longitudinal strain (Fig. 7c, f) for an 22 echolucent plaque (Fig. 7d) compared to an echogenic plaque (Fig. 7a) . The strain curves also 23 indicate the reproducibility over two cardiac cycles given that the ultrasound cineloop is of goodquality. Reproducibility requires the transducer and patient to be motionless for approximately 3 s 1 during image acquisition. In practice, this is quite difficult for elderly patients, especially those with 2 additional ailments and illnesses. Given the small arterial motions and strains, stabilization of the 3 ultrasound probe in a fixture would be essential in clinical applications and could potential improve 4 results and reproducibility. Furthermore, the plaque must be of sufficient size (diameter > 2 mm) in 5 order to achieve reliable measurements. These two constraints limited us from successfully 6 measuring strain in all in vivo plaque data. The in-vivo waveforms (Fig. 7b, c , e, f) vary more from 7 cycle to cycle compare to the in-vitro waveforms in Fig. 4a, c . This can be explained by the fact that 8 in-vitro phantoms are connected to a pump controlled by a precision stepper motor, while the in-9 vivo arterial wall motion is driven by a variable heart rate and stroke volume. The in-vivo 10 longitudinal strains (Fig. 7c, f) are also influence by different shear forces than the in-vitro phantom 11 vessel due to more complex arterial wall and plaque surface composition as well as differences in 12 fluid properties between blood and the blood-mimicking glycerin mixture used in the phantom, 13 which also could attribute to the more complex in-vivo strain waveforms. Moreover, the in-vitro 14 longitudinal strain does not experience any of the tethering forces from the pumping of the heart, 15 which influences the longitudinal in-vivo strain. large hemorrhagic areas or with a predominant necrotic core exhibited the lowest. Nevertheless, inour limited data set no relationship was found between GSM and plaque echogenicity, which could 1 be attributed to measuring the GSM on a single frame rather than averaging the GSM throughout 2 the cardiac cycle. However, Fig. 8 shows that GSM variance was greater for echolucent plaques 3 compared to the echogenic plaque. The reliability of GSM as a quantitative tool for measuring 4 plaque vulnerability has been disputed. GSM is an overall measure of plaque echogenicity, making 5 it possible for a plaque to have average GSM values even with highly echolucent areas due to 6 counterbalancing echogenic areas. It has recently been shown that there is no additional value of the 7 use of GSM in evaluating plaque vulnerability (Kolkert et al. 2014) , which is in contrast to previous 8 studies ( Sabetai et al. 2000) . 9
Some study limitations deserve to be pointed out. Generally, classifying atherosclerotic plaques 10 as "hard" or "soft" is most likely an oversimplification. From our small sample population we found 11 that the majority of plaques are a mixture of echogenic and echolucent regions making them very 12 difficult to classify on the Gray-Weale scale, allowing for subjectivity in the interpretation. In 13 addition, it is very difficult to classify plaques strictly on long-axis B-mode images, as clinicians are 14 accustomed to using long-axis and short-axis images, as well as Doppler color flow (Arnold et al. 15 1999) . Certain plaque-lumen borders were not clearly defined making it difficult for the physicians 16 to outline the plaque, as well as assess the plaque surface. Qualitative assessment of plaque surface 17 irregularities is subjective, but more quantitative methods are being developed (Kanber et al. 18 2013b) . A larger and more variable sample population would have been desirable with several 19 plaques in all Gray-Weale scale categories. We acknowledge that the study is limited due to the 20 presence of only one type 3 dominantly echogenic plaque. However, we emphasize that these are 21 preliminary results and we plan to conduct a larger clinical study in the future. 22
Measuring strain in plaques with a mixture of echolucent and echogenic regions can be difficult. 23
In complex plaque geometries with mixed regions, such as Fig. 7a , it is not intuitive where to placethe rectangular ROI. We attempted to place the ROI in both echolucent and echogenic regions of 1 the plaque to get an average strain value for the motion in both regions. 
